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A mixed culture dechlorinating 1,2-dichloroethane (1,2-DCA) to ethene was enriched from groundwater that had
been subjected to long-term contamination. In the metagenome of the enrichment, a 7-kb reductive dehalogenase
(RD) gene cluster sequence was detected by inverse and direct PCR. The RD gene cluster had four open reading
frames (ORF) showing 99% nucleotide identity with pceB, pceC, pceT, and orf1 ofDehalobacter restrictus strain DSMZ
9455T, a bacterium able to dechlorinate chlorinated ethenes. However, dcaA, the ORF encoding the catalytic subunit,
showed only 94% nucleotide and 90% amino acid identity with pceA of strain DSMZ 9455T. Fifty-three percent of
the amino acid differences were localized in two defined regions of the predicted protein. Exposure of the culture to
1,2-DCA and lactate increased the dcaA gene copy number by 2 log units, and under these conditions the dcaA and
dcaB genes were actively transcribed. A very similar RD gene cluster with 98% identity in the dcaA gene sequence
was identified in Desulfitobacterium dichloroeliminans strain DCA1, the only known isolate that selectively dechlo-
rinates 1,2-DCA but not chlorinated ethenes. The dcaA gene of strain DCA1 possesses the same amino acid motifs as
the new dcaA gene. Southern hybridization using total genomic DNA of strain DCA1 with dcaA gene-specific and
dcaB- and pceB-targeting probes indicated the presence of two identical or highly similar dehalogenase gene clusters.
In conclusion, these data suggest that the newly described RDs are specifically adapted to 1,2-DCA dechlorination.
Chlorinated alkanes are prevailing groundwater contami-
nants in many industrialized countries (www.epa.gov/enviro
/html/tris/ez.html), and they cause serious environmental
problems (14). Among these, 1,2-dichloroethane (1,2-DCA)
represents one of the world’s most important toxic C2 chlori-
nated aquifer pollutants. From 1987 to 1993, over 209 tons of
1,2-DCA were released into groundwater (www.epa.gov/enviro
/html/tris/ez.html). Enhancement of natural attenuation pro-
cesses can play a major role in achieving remediation, where
applicable (17, 30), and often bioremediation alone or in com-
bination with physical treatment of the most contaminated
areas could represent the most convenient solution. The main
catalyzers of the bioremediation processes are microorganisms
that can dehalogenate and/or mineralize the toxic molecules
with their enzymatic systems (12, 40).
A metabolic process of particular interest is based on deha-
lorespiration, a reaction that couples reductive dehalogenation
with energy conservation (11, 35, 40). Dehalorespiration is one
of the key processes for the remediation of polluted ground-
waters (20, 24, 25). The key catalysts in dehalorespiration are
reductive dehalogenases (RDs), membrane-associated en-
zymes with low levels of nucleotide identity but with some
common traits, such as two iron-sulfur clusters as prosthetic
groups, a twin-arginine translocation signal peptide (TAT sys-
tem), and corrinoid cofactors (22). Recently, it has been re-
ported that RDs (e.g., the cluster of pceABC and pceT of
Desulfitobacterium hafniense TCE-1 or Y-51) can be part of
catabolic transposons that can mediate RD mobilization within
replicons and between bacteria (10, 22, 34).
The best-characterized RDs for halogenated aliphatics are
those specific for chloroalkenes, such as the RDs from some
Dehalococcoides spp. (see references 18 and 45 and references
therein), the RDs for tetrachloroethene (PCE) from Deha-
lobacter restrictus strain DSMZ 9455T (23), Desulfitobacterium
sp. strain Y51 (41), and Desulfitobacterium hafniense strain
PCE-S (23), and the RD for trichloroethene and PCE from
Desulfitobacterium hafniense strain TCE1 (23). Recently, De
Wildeman et al. (6) isolated Desulfitobacterium dichloroelimi-
nans strain DCA1, which can efficiently dechlorinate 1,2-DCA
by using hydrogen as an electron donor; however, no specific
RDs for 1,2-DCA have yet been characterized.
A 1,2-DCA-specific RD would be of particular interest be-
cause it can support dichloroelimination when the two chlorine
atoms of 1,2-DCA are removed, converting the contaminant
into ethene with no toxic chlorinated intermediates such as
vinyl chloride. This reaction is thermodynamically favorable,
since it requires only one H2 molecule for the removal of two
chlorine substituents (8, 16, 26, 40).
To our knowledge, this is the first study identifying a 1,2-DCA-
specific RD gene cluster in the metagenome of a 1,2-DCA deha-
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lorespiring enrichment culture from a contaminated aquifer and
in D. dichloroeliminans strain DCA1. Real-time quantitative PCR
(qPCR), reverse transcription-PCR (RT-PCR), Southern hybrid-
ization, and long-range PCR were used to show the involvement
of the RD in the dechlorination of 1,2-DCA. Comparative se-
quence analysis of the RD catalytic subunit (DcaA) of the en-
richment culture and of D. dichloroeliminans strain DCA1 with
previously described RDs highlighted specific sequence differ-
ences and signature motifs, suggesting that the two new 1,2-DCA-
specific RDs may represent enzymes specifically adapted to
1,2-DCA reductive dechlorination.
MATERIALS AND METHODS
Establishment of enrichment culture 6VS and cultivation of D. dichloroelimi-
nans strain DCA1. Anaerobic microcosms were prepared in 2003 with ground-
water from an aquifer in Italy that had been contaminated by 1,2-DCA for more
than 30 years (25). The groundwater was contaminated with 1,2-DCA at a very
high concentration (up to 9 mM) but not with other chlorinated ethanes or
ethenes. The microcosms were prepared in an anaerobic box in an atmosphere
of N2 and fed with 5 mM sodium lactate. The microbial community from one of
these microcosms was used to inoculate a glass column (internal diameter, 4 cm;
height, 12 cm) filled with active carbon withdrawn from an on-site “pump and
treat” system coupled with an active carbon filter used in the past for the removal
of 1,2-DCA from the groundwater. The total internal volume in the column after
active carbon addition was 50 ml. The glass column, set up to maintain a storage
culture, was filled with half a volume of microcosm culture and half a volume of
a sterile prereduced water solution amended with 1 mM cysteine, 50 mg liter1
vitamin B12, 0.5 mM HEPES–NaOH (pH 7) [4-(2-hydroxyethyl)piperazine-1-
ethanesulfonic acid solution], 0.05% (wt/vol) yeast extract, and 50 M 2-methyl-
1,4-naphtoquinone sodium bisulfite (vitamin K precursor). This solution was also
amended with a 1:200 dilution of a trace-element stock solution and a supple-
mentary salt solution as described by Marzorati et al. (25). Every 60 days 10 ml
of the liquid volume in the column was withdrawn under a nitrogen flux and
replaced with a fresh sterile solution and 8 mM 1,2-DCA.
After one year from the establishment of the storage culture in the active
carbon column, a suspended culture named 6VS was prepared by mixing 25 ml
of the active carbon culture with an equal volume of the sterile solution described
above in a 60 ml screw-top glass vial with Teflon septa. The culture was supple-
mented with 1,2-DCA and lactate to final concentrations of 8 mM and 5 mM,
respectively, and incubated in N2/CO2/H2 (80%/15%/5%) at room temperature
(average temperature, 22°C). After 40 days of incubation, when dechlorination
ceased, 50% of the culture was replaced with fresh sterile anaerobic medium,
1,2-DCA, and lactate as described above. The 6VS culture was transferred six
times before analysis of the bacterial composition was performed using PCR-
denaturing gradient gel electrophoresis (PCR-DGGE) and sequencing of the
16S rRNA genes.
The D. dichloroeliminans strain DCA1 culture was set up according to the
procedures developed by De Wildeman et al. (6).
Analytical methods. The concentrations of 1,2-DCA, vinyl chloride, and other
possible degradation products in the 6VS culture were analyzed by headspace gas
chromatography using a 7694 Agilent gas chromatograph equipped with a flame
ionization detector set at 200°C on a DB624 column (J&W Scientific, Folsom,
CA) at a constant oven temperature of 80°C. The limit of detection for 1,2-DCA
was about 1 to 2 g liter1.
The chloride concentrations were measured on a PCspectro photometer
(Lovibond, Dortmund, Germany) by utilization of method 180 chloride concen-
tration (Tintometer GmbH, Dortmund, Germany) for chloride determination in
the range of 5 to 60 mg liter1.
DNA extraction from culture 6VS and D. dichloroeliminans strain DCA1 and
PCR-DGGE analysis. DNA from 6VS culture and D. dichloroeliminans strain
DCA1 culture was extracted from a 1.5 ml sample by treatment with lysozyme,
proteinase K, cetyltrimethylammonium bromide, and sodium dodecyl sulfate as
described by Ausubel et al. (2).
DGGE analysis was conducted using 16S rRNA gene fragments amplified with
primers GC-EUB Fw and EUB Rv as described elsewhere (15). A 7% poly-
acrylamide gel was prepared with a gradient maker (Bio-Rad, Milan, Italy)
according to the manufacturer’s guidelines, with a denaturant gradient of 25%
(top) to 50% (bottom), where 100% denaturation is considered to be repre-
sented by the presence of 7 M urea and 40% formamide, according to the
method of Muyzer et al. (27). Individual bands were cut from the gel and
sequenced on a Mega BACE capillary electrophoresis instrument (Amersham-
Pharmacia, Milan, Italy) following the instructions of the manufacturer. To
obtain longer 16S rRNA sequences, the original sequences obtained by DGGE
band elution and sequencing were analyzed to detect species-specific DNA
stretches on which new primers were designed. These new primers, coupled to
bacterial universal primers, were used for PCR amplification reactions and ex-
tension of the original 16S rRNA sequence fragment by using the original
metagenomic DNA as the template. In particular, the following reverse primers
were used to extend DGGE band sequences: B1rev (5-TGTACCGACCATTG
TATCA-3) and B2rev (5-TGTACCGGCCATTGTATTA-3) coupled to
primer 357F (5-CCCTACGGGAGGCAGCAG-3) (36).
16S rRNA quantitative real-time PCR. Quantitative real-time PCR analysis
of the genera Dehalobacter and Desulfitobacterium was performed using a
GeneAmp 5700 instrument (Applied Biosystems) and the following primers:
933F (5-GCACAAGCGGTGGAGCATGTGG-3) and 1178R (5-TATCTAG
AGTGCTC(AG)ACCT-3) specific for Desulfitobacterium spp. or 1366R (5-
ACAATCCGAACTGAGAACG-3) specific for Dehalobacter spp. The concen-
tration of each metagenomic DNA sample was estimated using a Nanodrop
instrument (Celbio, Milan, Italy), and the equivalent of 10 and 100 pg DNA (a
double reaction was used for each sample) was used in a 50 l reaction with
DyNAmoTM HS SYBR green qPCR (Celbio, Milan, Italy) according to the
instructions of the manufacturer. An initial hot start at 50°C for 2 min and
denaturation at 94°C for 15 min were followed by 35 cycles consisting of dena-
turation at 94°C for 10 s, annealing at 53°C (Desulfitobacterium spp.) or 55°C
(Dehalobacter spp.) for 30 s, and extension at 72°C for 30 s. A final step for
melting-curve analysis from 72 to 95°C, with measurement of fluorescence every
0.5°C, was added. PCR products for standard curve were cloned using a
pGEM-T Easy vector cloning kit (Promega). Standard curves had an average
correlation coefficient of 0.998 and a slope of 3.624 for Desulfitobacterium-
specific qPCR and an average correlation coefficient of 0.997 and a slope of
3.488 for Dehalobacter-specific qPCR.
PCR amplification, cloning, and sequencing of reductive dehalogenase. To
identify potential catabolic genes involved in reductive dehalogenation, PCR
amplification with degenerated primers (ceRD2Sf, ceRD2Lf, RD7r) was per-
formed on DNA extracted from 6VS culture according to the method of Regeard
et al. (33) as reported in Marzorati et al. (25). Positive PCR products were cloned
using a pMOS Blue cloning kit (Amersham-Pharmacia) according to the man-
ufacturer’s instructions. A direct PCR assay was performed on white colonies to
amplify the insert by using primers T7 and U19 (32). PCR products were se-
quenced with T7 primer by using ABI Prism BigDye Terminator cycle sequenc-
ing (Applied Biosystems, Milan, Italy) and an ABI 310 automated sequencer
(Applied Biosystems) (25). The resulting sequences were compared with the
sequence database at the National Center for Biotechnology Information
(NCBI) by use of BLAST (1).
Inverse and direct PCR. All the primers used for inverse PCR, direct PCR,
and sequencing of the RD gene cluster from the metagenomic DNA of 6VS
culture and total DNA of D. dichloroeliminans strain DCA1 are summarized in
Table 1. Starting from the initial partial RD gene fragment (25), the complete
sequence of an RD gene cluster was obtained by a combination of one inverse
PCR (43) and four different standard PCRs (Fig. 1). The inverse-PCR approach
was used initially to obtain the flanking regions of the initial gene fragment. The
remaining parts of the gene cluster were obtained by standard PCR walking
(Table 1).
Metagenomic DNA (250 ng) from 6VS culture was digested with EcoRI
restriction enzyme (Promega, Milan, Italy) for 15 h at 37°C. Five units of T4
DNA ligase (Promega), 5 l of the 10 ligation buffer (Promega), and MilliQ
water for a final volume of 50 l were then added to the digested genomic DNA.
The ligation mixture was incubated for 1 h at 22°C and then at 10 min at 65°C to
inactivate the enzyme. A 3-l volume of the ligation mix was then used as a
template for PCR using the following components: 1 PCR buffer (Amersham-
Pharmacia), 1.5 mM MgCl2, 0.3 mM (each) deoxynucleoside triphosphates
(dNTPs), 0.5 M each primer, and 1 U of Taq polymerase in a final volume of
50 l. Initial denaturation at 94°C for 4 min was followed by 30 cycles consisting
of denaturation at 94°C for 45 s, annealing at 58°C for 1 min, and extension at
72°C for 2 min 15 s. A final extension at 72°C for 7 min was added.
Direct PCR experiments were conducted with the following reaction mixture:
1 PCR buffer (Amersham-Pharmacia), 1.5 mM MgCl2, 0.2 mM dNTPs, 0.3 M
each primer, and 1 U of Taq polymerase in a final volume of 50 l. Initial
denaturation at 94°C for 4 min was followed by 30 cycles consisting of denatur-
ation at 94°C for 45 s, annealing at 52°C for 1 min, and extension at 72°C for
about 1 min for every 1,000 bp of expected product. A final extension at 72°C for
7 min was added.
Long-range PCR experiments to amplify the gene cluster were conducted
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using the following reaction mixture: 1 PCR buffer (Amersham-Pharmacia),
1.5 mM MgCl2, 0.5 mM dNTPs, 0.6 M each primer, and 2.5 U of Taq poly-
merase in a final volume of 50 l. Initial denaturation at 94°C for 4 min was
followed by 31 cycles consisting of denaturation at 94°C for 50 s, annealing at
52°C for 50 s, and extension at 72°C for 8 min. A final extension at 72°C for 7 min
was added. Primers PceAFor1 and PceC-rev2 were used on metagenomic DNA
of culture 6VS, while primers RDdca1F1 and PceT-rev2 were used on DNA of
strain DCA1.
The percentage of residue identity among proteins was calculated using Vector
NTI software (21), and the amino acid sequences were subjected to neighbor-
joining analysis to assess the phylogenetic relationship. The ratio of nonsynony-
mous (dN) to synonymous (dS) nucleotide changes in the amino acid sequences
was calculated according to the method of Nei and Gojobori (28) by using Mega
software version 3.1 (19).
Specific PCR to identify dcaAB genes and quantitative PCR. Using primers
DHL F1, DHL F2, DHL R1, and DHL R2 specific for the dcaA gene and DcaB
rev specific for the dcaB gene (Table 1), a direct PCR to identify the presence of
the RD was developed with the following reaction mixture: 1 PCR buffer
(Amersham), 1.5 mM MgCl2, 0.2 mM dNTPs, 0.6 M each primer, and 1 U of
Taq polymerase in a final volume of 25 l. Initial denaturation at 94°C for 3 min
TABLE 1. Primers designed in this study and used for inverse PCR, direct PCR, and sequencing of environmental RD-54 and RD-DCA1 of
D. dichloroeliminans strain DCA1a
Primer DNA(s) used for PCRs Targeted gene or spacerb Orientationc 5–3 sequence Nucleotide position(s)d
DHL-FOR 6VS dcaA For AATTCGGGGTACGCGAGT 2771
DHL-REV 6VS, DCA1 dcaA Rev CAGGCTCATTAGCTATTTCA 2097–1991
DHL-RevA 6VS dcaA Rev TACTTTGCATCCACCTTG 1696
PceT-F 6VS dcaA For GTATGAATTTGATGAAGAAG 5645
DHL-orf-Rev 6VS dcaA Rev AGGAGAGAACCTTAATCG 7460
DHL-fin-Rev 6VS dcaA Rev GGATTTGTTCCTCATCCT 6824
DHL F1 6VS dcaA For GGACCTCGTTGGACTCC 1967
DHL F2 6VS dcaA For GTTAAAAAGGCAGCCTGTT 2220
DHL R1 6VS dcaA Rev GGCAAATCCCATGGCATTA 2350
DHL R2 6VS dcaA Rev GTAAACTTTCCCCGTCGC 2528
RDdca1R1 DCA1 dcaA Rev TCCTCCTGTTGATTTCGC 1415
RDdca1F1 DCA1 dcaA For AATACCTTGTTGGATGACG 1843
RDdca1R2 DCA1 dcaA Rev TTGGTTTGAAACCCGCATA 2311
DH3F 6VS dcaA For ATTGGGAGAAGCATGCAGGT 2420
DH3R 6VS dcaA Rev GACCACCGTTATAGGCCCAGA 2946
Dca1F DCA1 dcaA For CAGGCAAGAAAGATACGG 1709
DHL-ForA 6VS, DCA1 dcaB For TCGGAGCGTGAATACCA 3429–3306
DcaB rev 6VS, DCA1 dcaB Rev TGGTATTCACGCTCCGA 3429–3306
Dca1BF DCA1 dcaB For TATATGATGTGCTGATTTGG 3136
Dca1BR DCA1 dcaB Rev GTAAGTAATAATCGCAGGAA 3367
DcaC-F2 6VS, DCA1 dcaC For ATTCTTCTGTCCGGTAGGAT 4808–4702
PceC-rev2 6VS, DCA1 dcaC Rev TACCTCCTCATTTCGCC 4852–4746
PceT-rev2 6VS, DCA1 dcaT Rev GATTAACTTGCCAAATTGAT 6021–5922
dcaTfwDCA1 DCA1 dcaT For TCTTGAAAAGCGAATTAACG 5783
DCA1dcaTr DCA1 dcaT Rev GATTAACTTGCCAAATTGATT 5907
DCA1ups DCA1 tpnA For ATGCAAAGCTAGGTGCTG 0
tpnDCA1rev DCA1 tpnA Rev TACAGTGTCCCCATCCG 86
DCA1dwnR DCA1 tpnA Rev AGAGACTGGTGTAGGTTG 498
PceAFor1 6VS, DCA1 tpnA-dcaA spacer For ACGTGCAATTATTATTAAGG 1485–1379
Dehalo-PCE 6VS Upstream tpnA For ATAATGACTCAACTTTCGAA 0
DHL-ups-Mid 6VS Upstream tpnA For TGTGTAGGAGTTACGACA 663
a The total DNAs used for the PCRs were from culture 6VS (6VS) and from D. dichloroeliminans strain DCA1 (DCA1).
b Please refer to Fig. 1 and the corresponding figure legend for the gene positions and fragments originating from PCRs.
c For, forward; Rev, reverse.
d The nucleotide position refers to the position of the primer in the complete RD sequence of the samples with which they have been used. Where there are two
numbers, the first refers to RD-54 and the second to RD-DCA1.
FIG. 1. Map of the RD-54 gene cluster obtained from the metagenome of culture 6VS by direct and inverse PCR. A) Complete map of RD-54
with the relative initial and final positions of each gene. B) Map of the direct and inverse PCR fragments obtained from the total metagenome
of culture 6VS. The different PCR fragments from F1 to F5 were generated with the following primer pairs as referred to Table 1 (fragment sizes
are shown in parentheses): F1, ceRD2Lf/RD7rev (1,036 bp); F2 (inverse PCR), DHL-FOR and DHL-REV (2,300 bp); F3, DHL-for and PceT-rev2
(2,566 bp); F4, Dehalo-PCE and DHL-RevA (1,678 bp); and F5, PceT-F and DHL-orf-Rev (1,815 bp). C) Partial restriction map of RD-54.
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was followed by 31 cycles consisting of denaturation at 94°C for 30 s, annealing
at 54°C for 1 min, and extension at 72°C for 1 min 15 s. A final extension at 72°C
for 7 min was added. The same protocol (with an extension time of 2 min) was
used for coupling primers PceAFor1 and DcaB rev to amplify a region including
all of the dcaA gene and 194 bp of the dcaB gene on D. dichloroeliminans strain
DCA1 genomic DNA. These PCR products were cloned to prepare an RD gene
library of strain DCA1 by use of a pMOS Blue cloning kit (Amersham-Pharma-
cia) with the same protocol as described in the previous paragraph.
For enumerating copies of the dcaA gene in extracted environmental DNA a
quantitative PCR was conducted with a GeneAmp 5700 instrument (Applied
Biosystems) using the following primers: DH3F and DH3R specific for the dcaA
gene (Table 1). The concentration of each metagenomic DNA sample was
estimated using a Nanodrop instrument (Celbio, Milan, Italy), and the equiva-
lent of 200 pg DNA was used in a 50 l reaction mixture with DyNAmoTM HS
SYBR green qPCR (Celbio, Milan, Italy) according to the instructions of the
manufacturer. An initial hot start at 50°C for 2 min and denaturation at 94°C for
15 min were followed by 35 cycles consisting of denaturation at 94°C for 10 s,
annealing at 55°C for 30 s, and extension at 72°C for 30 s. A final step for
melting-curve analysis from 72 to 95°C, measuring fluorescence every 0.5°C, was
added. Reference curves were run in every experiment by utilization of known
amounts of clone RD-54 (25).
Southern blot hybridization analysis. The number of dehalogenase-encoding
gene clusters in the genomic DNA of strain DCA1 was investigated in Southern
hybridization experiments with two probes specific for the A and B genes of the
RD cluster and labeled with digoxigenin (DIG) by random priming. Probe A was
produced by PCR using primers Dca1F and DHL-REV (Table 1) for amplifying
a variable region of the A gene, while primers Dca1BF and Dca1BR (Table 1)
were used to amplify a probe in a conserved region of the B gene (probe B).
Labeling, prehybridization, hybridization, and detection were performed with a
DIG DNA labeling and detection kit (Boehringer Mannheim, Milan, Italy)
according to the manufacturer’s instructions (5). Genomic DNA was digested
with EcoRI. Hybridization was conducted overnight at 42°C in the presence of
50% (vol/vol) formamide; two 15 min washes were performed at 50°C (low
stringency) and 65°C to increase hybridization specificity.
cDNA synthesis and reverse transcription-PCR. RNA extraction was per-
formed on 8.5 ml of 6VS culture by using a NucleoSpin RNA II kit (Macherey-
Nagel, Du¨ren, Germany) according to the manufacturer’s instructions. Total
extracted RNA was treated with 10 U of DNase (Promega) at 37°C for 15 min.
cDNA was synthesized using a RevertAid H Minus M-muLV reverse transcrip-
tase kit (Promega) according to the manufacturer’s instructions. Two cDNAs
were synthesized with the dcaA sequence-specific primer DHLR2 and with the
dcaB sequence-specific primer DcaB rev.
Nucleotide sequence accession numbers. The nucleotide sequences of the
RD gene clusters were deposited in the EMBL nucleotide sequence database
(GenBank/EMBL/DDBJ) under accession numbers AM183918 and AM183919
for the D. dichloroeliminans RD and the environmental RD, respectively.
RESULTS
Enrichment and characterization of a 1,2-DCA-dehaloge-
nating culture. An actively 1,2-DCA-dechlorinating culture
was prepared from contaminated aquifer groundwater sam-
pled below an industrial site with a history of contamination by
1,2-DCA (25). A bacterial dehalogenating consortium was
maintained through adhesion of the original culture to an
active-carbon support and regular addition of high levels of
1,2-DCA and lactate. The culture, referred to here as 6VS,
stably maintained the capacity of dechlorinating 1,2-DCA to
ethene as the only dechlorination product, with a concomitant
stoichiometric release of chloride ions (data not shown). Par-
allel cultures maintained without supplementation of vitamin
K were much less active in 1,2-DCA dechlorination, indicating
that the vitamin was important for the maintenance of the
dechlorinating species in the consortium (7).
An analysis of the bacterial composition of the 6VS culture was
performed by 16S rRNA gene PCR-DGGE. Several bands ap-
peared to be enriched upon culturing in the presence of 1,2 DCA
and lactate as an electron donor (data not shown). Sequencing of
these bands identified 16S rRNA genes related to those of De-
halobacter restrictus (99% nucleotide identity over a sequence of
696 positions [U84497 in the NCBI database]) and of D. dichlo-
roeliminans strain DCA1 (97% nucleotide identity over a se-
quence of 778 positions [AJ565938 in the NCBI database]).
Quantitative PCR specifically targeting the16S rRNA genes
of the genera Dehalobacter and Desulfitobacterium was per-
formed on the total DNA extracted from the 6VS culture. The
16S rRNA gene copy numbers of the Dehalobacter sp. (2.7 
1.5  103 molecules pg1 of genomic DNA) were about eight
times higher than those of the Desulfitobacterium sp. (3.5 
1.0  102 molecules pg1 of genomic DNA).
PCR amplification and sequencing of a new reductive deha-
logenase gene. In previous work we obtained a PCR fragment
that after sequencing could be attributed to a putative novel
RD (25). Starting from that sequence, by a series of inverse
and direct PCRs we obtained a 7,462 bp novel RD gene clus-
ter. Alignment of the complete gene cluster sequence, named
RD-54, with known gene clusters encoding enzyme complexes
active in reductive dechlorination of chlorinated aliphatics
showed 98% identity (7,342 bp over 7,462 bp) with a gene
cluster of Dehalobacter restrictus strain DSMZ 9455T, coding
for an RD active on PCE. The gene cluster included five open
reading frames (ORF), named dcaA, dcaB, dcaC, dcaT, and
orf1, preceded by a sixth ORF similar to the putative trans-
posase associated with the gene cluster of pceABC and pceT of
strain DSMZ 9455T. All of the genes except dcaA were 98%
identical (at the nucleotide level) to the corresponding genes
of strain DSMZ 9455T and to those of other related bacteria of
the genus Desulfitobacterium. The ORF dcaB showed 98% and
97% nucleotide and amino acid identity, respectively, to pceB
of Desulfitobacterium sp. strain PCE-S coding for a membrane
anchor protein. The ORF dcaC shared 99% of both nucleotide
and amino acid identity with pceC of strain DSMZ 9455T,
codifying a hypothetical membrane-bound regulatory protein
(22). Gene dcaT shared 99% of both nucleotide and amino
acid identity with the pceT of Desulfitobacterium sp. strain Y51,
which is believed to code for a trigger factor (22, 39). The
incomplete orf1 sequence at the end of the gene cluster was
100% identical to the orf1 gene of strain DSMZ 9455T. The
truncated transposase-like gene, directly upstream of the gene
cluster of dcaABC and dcaT on the complementary strand
(Fig. 1), showed 99% of both nucleotide and amino acid iden-
tity to the tnpA gene of strain DSMZ 9455T (22).
The gene dcaA encoding the RD showed much lower iden-
tity with the corresponding pceA of strain DSMZ 9455T, with
94% and 90% nucleotide and amino acid identities. A total of
59 amino acid residues over 551 differed between DcaA of
RD-54 and the known RD for chlorinated ethenes (Fig. 2). A
relatively high (53%) fraction of the substitutions was concen-
trated in two small and defined regions of the protein. The first
of these two regions, between residues 123 and 179, included
19 amino acid substitutions, i.e., 32% of the total amino acid
changes. The second region between residues 320 and 368
included 12 amino acid substitutions, i.e., 20% of the total
amino acid changes. Other regions with a lower number of
substitutions were found in the region between residues 220
and 274 and in the C-terminal region of the protein. These
localized amino acid differences indicated that the dcaA gene
might represent a new type of RD.
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RD-54 copy number and transcription in response to 1,2-
DCA and lactate supplementation. To understand the role of
the new RD-54 gene cluster in 1,2-DCA dechlorination, dcaA
gene copy numbers were measured by qPCR upon addition of
1,2-DCA and lactate to water samples. The copy number of
dcaA increased from 1.98  0.2  102 to 2.01  0.3  104
copies ml1 of culture after 14 days incubation.
In addition, the transcription of dcaA and dcaB was assessed
FIG. 2. Amino acid alignment of the DcaA proteins of RD-54 from culture 6VS and RD-DCA1 (DD TCA1) from D. dichloroeliminans strain DCA1
with PceA of Dehalobacter restrictus strain DSMZ 9455T (DR DSMZ9455T) (AJ439607 in the NCBI database), D. hafniense strain TCE1 (DH TCE1)
(AJ439608 in the NCBI database), and Desulfitobacterium sp. strain Y51 (D. sp. Y51) (AY706985 in the NCBI database) obtained with tblastx software.
Rectangles 1 and 2 indicate the typical amino acid signatures of proteins translocated through a TAT system. The black triangle indicates a putative
cleavage site of a signal peptide. Rectangles 3 and 4 represent the two iron-sulfur cluster binding motifs typical of RDs (21). Light gray areas A and B
indicate two amino acid stretches where resides 53% of the total amino acid diversity between DcaA and PceA. The positions that differ between PceA
and DcaA but are conserved between DcaA of RD-54 and DcaA of RD-DCA1 are indicated with light letters in black areas. Asterisks, colons, and dots
below the alignment indicate positions identical in all the proteins, positions with a conservative substitution, and positions with a semiconservative
substitution, respectively.
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by RT-PCR on the total RNA extracted from the culture after
10 days of incubation in the presence of lactate and 1,2-DCA
(Fig. 3). Three primers sets were used: two sets targeting dcaA
and one for dcaB. RT-PCR experiments with all the three
primer sets gave consistent results indicating that the two genes
were transcribed in the presence of 1,2-DCA and lactate. The
primer combination for the RT-PCR experiment using dcaB
(primer DcaB rev coupled with DHL F1) resulted in the re-
verse transcription and amplification of the expected product,
indicating that dcaA and dcaB were cotranscribed.
Identification of an RD gene cluster in D. dichloroeliminans
strain DCA1. Specific primers were designed on the dcaA
sequence of RD-54 to search for the RDs involved in the
reductive dechlorination of 1,2-DCA in D. dichloroeliminans
strain DCA1. Direct PCR on strain DCA1 by using primers
DHL F1 and DHL R2 did not result in the amplification of any
product. However, a PCR fragment of the expected size (1,944
bp) was obtained using primers PceAFor1 and DcaB rev.
These primers anneal in regions conserved in all the RDs with
the gene structure of dcaABC and dcaT. This PCR product was
cloned, and 20 clones have been partially sequenced and
showed 99.9% similarity to each other. Starting from this frag-
ment, with a combination of four direct PCRs using primers
reported in Table 1 (DCA1ups coupled with RDdca1R1,
RDdca1F1 with DcaB rev, DHL-ForA with PceC-rev2, and
DcaC-F2 with DCA1dcaTr), the complete sequence of the RD
gene cluster (RD-DCA1) was identified in D. dichloroelimi-
nans strain DCA1. To confirm the shared identity of culture
6VS and strain DCA1 dehalogenase gene clusters and to pro-
vide evidence that the newly identified gene clusters were not
chimeras, long-range PCRs were performed both on the
genomic DNA of strain DCA1 and on the metagenomic DNA
of culture 6VS. A 4,080-long PCR product and a 3,384-bp-long
PCR product were obtained from strain DCA1 and culture
6VS, respectively. Primer pair RDdca1F1/PceT-rev2 and
primer pair PceAFor1/PceC-rev2 (Table 1) were used for
strain DCA1 and culture 6VS, respectively. Both the fragments
were completely sequenced and were shown to be identical to
the gene clusters previously identified.
RD-DCA1 was preceded by a transposase that showed 99%
identity (1,067 identical nucleotide positions over 1,070) to that
of D. hafniense strain TCE1 (22) but that was different from
that found in the RD-54 sequence. Alignment of the complete
RD-DCA1 sequence showed 98% (4,384 positions over 4,473)
and 97% (5,759 positions over 5,921) identity with the corre-
sponding gene clusters previously identified in RD-54 gene
cluster and in D. hafniense strain TCE1 (AJ439608), respec-
tively. Percentages of protein and gene sequence identity and
similarity between the two new RDs (RD-54 and RD-DCA1)
and those involved in the dehalogenation of chlorinated
ethenes are reported in Table 2. The structural genes (dcaB,
dcaC, and dcaT) were found to be very similar and highly
conserved compared to the corresponding genes of the other
RDs, with nucleotide identities in the 97 to 99% range and
amino acid identities and similarities in the 96 to 99% range
(Table 2). The gene dcaA in the RD-DCA1 cluster was 98%
(1,622 of 1,653 bp) identical to dcaA of RD-54 but only 94%
identical to pceA genes active on chlorinated ethenes (Table
2). The putative DcaA proteins encoded by RD-54 and RD-
DCA1 shared 95% identity and 98% sequence similarity. The
percentages of identity to the other RDs of Desulfitobacterium
sp. and Dehalobacter restrictus DSMZ 9455T dehalogenating
chlorinated ethenes decreased to 89%, with 92 to 93% se-
quence similarity. Figure 4 shows the phylogenetic distance
between DcaA of RD-54 and RD-DCA1 and the other related
genes involved in reductive dehalogenation of halogenated
aliphatics. The tree indicates that the two DcaA proteins clus-
tered in a phylogenetic branch divergent from those of the
other corresponding RD proteins active on chlorinated
ethenes and chlorophenol.
To search for other RD genes in strain DCA1, Southern blot
hybridization experiments was performed on EcoRI-digested
total genomic DNA of strain DCA1 (Fig. 5). Probe A, specific
for the dcaA gene of strain DCA1, hybridized on two frag-
ments of about 5,500 and 7,000 bp. Probe B, targeting both
dcaB and pceB genes, hybridized on the same two fragments,
indicating that D. dichloroeliminans strain DCA1 harbors two
identical or highly similar copies of the same RD cluster.
DISCUSSION
Recently, several RDs specific for chlorinated aliphatics
were characterized and sequenced, including genes from the
dechlorinating-specialized genera Dehalococcoides (references
18 and 45 and references therein) and Dehalospirillum (29) and
the low-GC gram-positive genera Clostridium (31), Desulfito-
FIG. 3. Transcription of dcaA and dcaB in culture 6VS during dechlorination of 1,2-DCA. (A) A 1.2% agarose gel of the PCR experiment using
specific primers for the dcaA gene (DHL F1, DHL F2, and DHL R1) to assess the transcription of dcaA. Data represent the results of experiments
using PCR on genomic DNA (lanes 1 and 2), total RNA before the treatment with DNase (lanes 3 and 4), total extracted RNA following the
treatment with DNase (lanes 5 and 6), and the cDNA synthesized from the pure RNA (lanes 7 and 8). Lane 9, negative control. (B) Data for primer
DcaB rev (specific for dcaB) coupled with DHL F1. Data represent the results of experiments using PCR on genomic DNA (lane 10), total
extracted RNA following the treatment with DNase (lane 11), and the cDNA synthesized from the pure RNA (lane 12). M, marker (band sizes
are given in base pairs).
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bacterium (23, 41), and Dehalobacter (23). All the RDs char-
acterized to date show activity towards chlorinated ethenes,
but only a few can dehalogenate 1,2-DCA and other alkanes
(45). Phylogenetic analyses showed that RDs for chlorinated
aliphatics are divided into several groups with a low level of
similarity. Most of the sequences are located in two main
groups: the first with RDs from Dehalococcoides sp. and a
second with RDs from Desulfitobacterium sp. and Dehalobacter
sp. (13, 18, 23, 45). Genetic and biochemical characterization
of RDs has not yet identified which amino acid motifs might be
involved in the substrate specificity. Based on simultaneous
transcription of different RDs in the presence of the same
chlorinated compound, some authors proposed that substrate
range and specificity can be governed by different corrinoid
cofactors interacting with holoenzymes with few sequence dif-
ferences (45).
No RD selective for halogenated alkanes has yet been
described. Recently, D. dichloroeliminans strain DCA1 was
shown to dechlorinate 1,2-DCA and other vicinal dichlori-
nated alkanes, but not chlorinated ethenes, by a dichloro-
elimination reaction (6). In a previous study we showed that
addition of lactate to groundwater contaminated exclusively
by 1,2-DCA had led to the enrichment of Desulfitobacterium
sp. (25). The enriched culture 6VS (originating from that
groundwater) was dominated by Dehalobacter and Desulfito-
bacterium spp., as shown by 16S rRNA PCR-DGGE and
sequencing results. These data were also confirmed by clone
prevalences in 16S rRNA gene libraries, showing the enrich-
ment of these two genera following addition of an electron
donor to the groundwater (data not shown). Quantitative
real-time PCR experiments showed a Dehalobacter restrictus
16S rRNA gene concentration seven times higher than that
of Desulfitobacterium sp. All these data indicated that these
genera play an important role in 1,2-DCA reductive dechlo-
rination in the 6VS culture. Besides, the specialization of D.
dichloroeliminans strain DCA1 in dechlorinating alkanes
should have selected RDs specifically adapted to 1,2-DCA
and chlorinated alkanes in the microbe’s genome. These
RDs should display signature structural motifs linked to the
enzyme specificity for 1,2-DCA (45).
By using a PCR assay recently developed for the amplifica-
tion of unknown dehalogenases (25, 33) and the following
inverse and direct PCRs, we were able to sequence very similar
RD gene clusters from the 6VS culture and strain DCA1.
TABLE 2. Nucleotide sequence identity and predicted amino acid sequence identity and similarity between the four genes (dcaABCT) of RD-54
(AM183919 in the NCBI database) and the corresponding genes of RD-DCA1 of D. dichloroeliminans strain DCA1 (AM183918 in the NCBI
database) and of Dehalobacter restrictus strain DSMZ 9455T (AJ439607 in the NCBI database), Desulfitobacterium sp. strain Y51 (AY706985
in the NCBI database), D. hafniense strain TCE1 (AJ439608 in the NCBI database), and Desulfitobacterium sp. strain PCE-S
(AY216592 in the NCBI database)a
Gene and microorganism
No. of positive aab
matches/
total no. of positions
(% similarity)
No. of identical aa/
total
no. of positions
(% identity)
No. of identical
nucleotides/
total no. of positions
(% identity)
dcaA
D. dichloroeliminans DCA1 540/551 (98) 523/551 (95) 1,622/1,656 (98)
Dehalobacter restrictus DSMZ
9455T
515/551 (93) 496/551 (90) 1,566/1,656 (94)
D. hafniense TCE1 515/551 (93) 492/551 (89) 1,557/1,656 (94)
Desulfitobacterium sp. strain Y51 515/551 (93) 491/551 (89) 1,557/1,656 (94)
Desulfitobacterium sp. strain
PCE-S
512/551 (92) 491/551 (89) 1,556/1,656 (94)
dcaB
D. dichloroeliminans DCA1 104/105 (99) 103/105 (98) 314/318 (99)
Dehalobacter restrictus DSMZ
9455T
102/105 (97) 101/105 (96) 313/318 (98)
D. hafniense TCE1 102/105 (97) 102/105 (97) 314/318 (98)
Desulfitobacterium sp. strain Y51 102/105 (97) 102/105 (97) 313/318 (98)
Desulfitobacterium sp. strain
PCE-S
102/105 (97) 102/105 (97) 314/318 (98)
dcaC
D. dichloroeliminans DCA1 352/367 (96) 349/367 (95) 1,070/1,104 (97)
Dehalobacter restrictus DSMZ
9455T
366/367 (99) 365/367 (99) 1,101/1,104 (99)
D. hafniense TCE1 365/367 (99) 362/367 (98) 1,096/1,104 (99)
Desulfitobacterium sp. strain Y51 362/367 (98) 362/367 (98) 1,096/1,104 (99)
dcaT
D. dichloroeliminans DCA1 313/316 (99) 312/316 (98) 945/951 (99)
Dehalobacter restrictus DSMZ
9455T
315/316 (99) 312/316 (98) 946/951 (99)
D. hafniense TCE1 312/316 (98) 308/316 (97) 938/951 (98)
Desulfitobacterium sp. strain Y51 315/316 (99) 313/316 (99) 945/951 (99)
a For strain PCE-S only the sequences of dcaA and dcaB were available.
b aa, amino acids.
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These RD clusters included a sequence of four genes (dcaABC
and dcaT) similar to the RD clusters of Desulfitobacterium and
Dehalobacter spp. The only significantly divergent sequence
was that of dcaA, which showed only 92 to 93% nucleotide
similarity with pceA of RD clusters active on chlorinated
ethenes, while all the other genes had 97 to 99% similarity.
DcaA amino acid sequences from culture 6VS and strain
DCA1 showed distinctive characteristics common to other
RDs, including the twin-arginine motif (RRxFLK) found in
proteins which are translocated in the periplasm by a TAT
system (3, 4) and contain redox cofactors (Fig. 2) (23), a cen-
tral stretch of the signal peptide rich of hydrophobic amino
acids (especially alanine), and the same ADA2ADIVA motif
present at the cleavage site of the signal peptide of the RD of
Dehalobacter restrictus DSMZ 9455T (23). Two iron-sulfur clus-
ter binding motifs (Fig. 2) typical of almost all the RDs char-
acterized so far were found in the DcaA C-terminal region of
both RD-54 and RD-DCA1. These iron-sulfur clusters are
probably involved in electron transfer to the active site con-
taining the corrinoid factor (13, 29, 44). The first iron-sulfur
cluster had a sequence identical to that of the corresponding
motif in PceA of Dehalobacter restrictus DSMZ 9455T (Fig. 2),
showing the consensus sequence (CX2CX2CX3CP) with cys-
teine in fixed positions typical of RD. The second iron-sulfur
cluster showed some differences with respect to strain DSMZ
9455T, while the consensus motif CX10CX2CX3C was pre-
served (Fig. 2). This second iron-sulfur cluster-binding motif is
known to be less conserved among RDs (23).
Between 10 and 11% of the amino acid residues of RD-54
and RD-DCA1 DcaA differed from those of the PceA pro-
teins. About 53% of this diversity (31 and 36 amino acids for
DcaA of RD-54 and RD-DCA1, respectively) was localized in
two regions (regions A and B in Fig. 2) that represented only
19% (104 amino acids over 551) of the total DcaA residues.
The function of these two regions is presently unknown, but (i)
the sequence conservation despite the different geographic
origins of the cultures (Italy for culture 6VS and Belgium for
FIG. 4. Neighbor-joining tree constructed using ClustalW soft-
ware (http://clustalw.genome.jp/) and showing the phylogenetic re-
lationship between DcaA of the 6VS culture (DcaA RD-54) and of
D. dichloroeliminans strain DCA1 with other A subunits of geneti-
cally characterized RDases: PceA of Dehalobacter restrictus strain
DSMZ 9455T (AJ439607 in the NCBI database), Desulfitobacterium
hafniense strain TCE1 (AJ439608 in the NCBI database), and Des-
ulfitobacterium strain Y51 (AY706985 in the NCBI database).
Other data represent the results of investigations of the chlorophe-
nol RDases (CprA) of Desulfitobacterium chlororespirans
(AF204275 in the NCBI database), Desulfitobacterium hafniense
strain DCB-2 (AY013365 in the NCBI database), and Desulfitobac-
terium dehalogenans (AF115542 in the NCBI database) and of TceA
of Dehalococcoides ethenogenes (AF228507 in the NCBI database)
and PceA of Dehalospirillum multivorans (AF022812 in the NCBI
database). The numbers at each branch point represent bootstrap
percentages calculated from 1,000 replicate trees. The scale bar
represents the sequence divergence.
FIG. 5. (A) Results of 1.2% agarose gel and relative Southern blot analysis using probe B, universal for the B genes known to date (dcaB, pceB).
Lanes: 1, positive control for probe B; 2, marker mix (Fermentas); 3, EcoRI restriction digestion of total genomic DNA of strain DCA1; 4,
DIG-labeled ladder. (B) Results of 1.2% agarose gel and relative Southern blot analysis using probe A, specific for dcaA gene of strain DCA1.
Lanes: 1, positive control for probe A; 2, marker mix (Fermentas); 3, EcoRI restriction digestion of total genomic DNA of strain DCA1; 4,
DIG-labeled ladder. Dimensions of the main marker bands in base pairs are shown on the left of each panel.
VOL. 73, 2007 REDUCTIVE DEHALOGENASE FOR 1,2-DCA 2997
 o
n
 N
ovem
ber 11, 2015 by University of Queensland Library
http://aem
.asm
.org/
D
ow
nloaded from
 
D. dichloroeliminans strain DCA1), (ii) the persistence and
enrichment of the dcaA gene in dehalogenating cultures as
measured by quantitative real-time PCR, (iii) the transcription
of dcaA and dcaB genes in the 6VS culture in the presence of
1,2-DCA and lactate, and (iv) the substrate specificity for 1,2-
DCA and other vicinal dichloroalkanes exhibited by D. dichlo-
roeliminans DCA1 (6) suggest the possibility that these two
regions could be involved in 1,2-DCA recognition and in the
substrate specificity of RDs in general. Considering the RD
redundancy found in the genomes of other dechlorinators,
such as Dehalococcoides sp. (13, 18, 37, 45), RD gene library
and Southern blot hybridization analysis were performed to
survey the RD genes in the genome of strain DCA1. Here we
found two gene sequence copies identical or highly similar to
that of dcaA. These results confirm that RD-DCA1 is the most
probable candidate dehalogenase for dehalogenation of 1,2-
DCA in strain DCA1 and that the two enzyme regions differing
from PceA dehalogenase are signature stretches correlated to
1,2-DCA dechlorination.
From an evolutionary point of view, the finding of only one
(dcaA) of four genes in the RD clusters significantly diverging
from the corresponding genes of the RD clusters implicated in
chloroethene dechlorination (Table 2) can be explained by an
accumulation of mutations or by recombination with other
RDs. The localization of divergent sequence stretches in only
certain regions of DcaA (Fig. 2) suggests that recombination
rather than mutation is the process that occurred in the dcaA
genes from culture 6VS and from strain DCA1. A putative RD
chimera was recently described in investigations of the genome
of Dehalococcoides sp. strain CBDB1, in which the rdhA gene
cbdbA1508 appeared to be the result of recombination be-
tween a unique rdhA gene N-terminal sequence and the C-
terminal sequence of another (cbdbA1588) of the 32 RDs in
the genome of strain CBDB1 (18).
By comparing the RD pools in the genomes of Dehalococ-
coides sp. strains 195 and CBDB1, Kube et al. concluded that
the genome regions containing RDs have high plasticity and
that RD genes are under intense evolutionary pressure (18).
The findings of Kube et al. (18) raised the intriguing possibility
that Dehalococcoides sp. could have acquired its dechlorinating
abilities recently, possibly in an adaptive response to anthro-
pogenic release of chlorinated solvents in the environment
(38). To estimate the evolution rate of the new dcaA genes of
RD-54 and RD-DCA1 with respect to the most similar pceA of
Dehalobacter restrictus DSMZ 9455T, we calculated the ratio
of dN to dS nucleotide changes in the amino acid sequences
according to the method of Nei and Gojobori (28). The dN/dS
ratios of dcaARD-54 and dcaARD-DCA1 were 1.28  0.018
(dN  0.058  0.008; dS  0.045  0.010) and 1.51  0.017
(dN 0.062 0.008; dS 0.041 0.009), respectively. Values
larger than 1 are indicative of a fast evolution due to positive
selection (9). Indeed, both the groundwater from which the
6VS culture was obtained (25) and the water-saturated soil
from which D. dichloroeliminans strain DCA1 was isolated (6)
had experienced contamination with 1,2-DCA for more than
30 years.
Another feature indicating the plasticity of the RD gene
clusters is their physical association with mobile genetic ele-
ments that can play a key role in the evolutionary process for
the development of new catabolic pathways (34, 42). RDs
previously identified in the genera Desulfitobacterium and De-
halobacter were found to be associated with transposase-like
sequences (22). In particular, Maillard et al. (22) identified in
D. hafniense strain TCE1 the catabolic transposon Tn-Dha1
containing the pceABC and pceT genes responsible for PCE
reductive dechlorination and probably mediating transposition
activity. Dehalobacter restrictus and D. hafniense strain TCE1
pceABC and pceT gene clusters have 100% identity, but the
transposase upstream of the RD gene cluster of Dehalobacter
restrictus is on the complementary strand of the pceA gene, is
truncated, and is very different from that of strain TCE1 (22).
The RD-54 gene cluster of culture 6VS encodes a transposase-
like sequence almost identical to that of Dehalobacter restrictus,
while the region upstream the RD-DCA1 gene cluster of D.
dichloroeliminans strain DCA1 is highly similar to that of the
transposase of the Tn-Dha1 transposon of D. hafniense strain
TCE1. The presence of complete or truncated and very similar
transposase genes is not sufficient to allow speculation on the
presence of active transposable elements but could be associ-
ated with a past event of transfer or rearrangements that fur-
ther confirm their plasticity. The transposase sequence identity
and the qPCR results suggest that the Dehalobacter population
in the mixed culture could be the carrier of the RD-54 gene
cluster.
In summary, two independent cultures, those of a 6VS en-
richment and of D. dichloroeliminans strain DCA1, having dif-
ferent origins but isolated from sites exposed to similar selec-
tive pressures, were enriched on 1,2-DCA with respect to
electron acceptors and the resulting enrichments were found to
have similar RD sequences, suggesting that these could be
linked to the dehalogenation of 1,2-DCA. Although the func-
tions of the RDs should be further characterized, the new
sequences are useful for the development of molecular tools to
predict and monitor dechlorination process in sites contami-
nated by 1,2-DCA.
ACKNOWLEDGMENTS
The research was supported by a grant from EniTecnologie as part
of the project “Controllo Genetico della Bioremediation.”
We thank J. Maillard for providing us with pceAB of Dehalobacter
restrictus to be used as a positive control in RD PCR experiments and
T. M. Vogel for helpful discussion and suggestions. We also thank P.
Van Damme, A. Maes, and W. Ossieur for culturing the strain DCA1.
Finally, we thank three anonymous reviewers for helpful suggestions
for manuscript improvement.
REFERENCES
1. Altschul, S. F., W. Gish, W. Miller, E. W. Myers, and D. J. Lipman. 1990.
Basic local alignment search tool. J. Mol. Biol. 215:403–410.
2. Ausubel, F. M., R. Brent, R. E. Kingston, D. D. Moore, J. G. Seidman, J. A.
Smith, and K. Struhl. 1994. Current protocols of molecular biology. John
Wiley and Sons, Inc., Hoboken, NJ.
3. Berks, B. C. 1996. A common export pathway for proteins binding complex
redox cofactors? Mol. Microbiol. 22:393–404.
4. Berks, B. C., F. Sargent, and T. Palmer. 2000. The Tat protein export
pathway. Mol. Microbiol. 35:260–274.
5. Boehringer Mannheim GmbH. 1993. The DIG system user’s guide for filter
hybridization. Boehringer Mannheim GmbH, Mannheim, Germany.
6. De Wildeman, S., G. Diekert, H. Van Langenhove, and W. Verstraete. 2003.
Stereoselective microbial dehalorespiration with vicinal dichlorinated al-
kanes. Appl. Environ. Microbiol. 69:5643–5647.
7. De Wildeman, S., G. Linthout, H. Van Langenhove, and W. Verstraete. 2004.
Complete lab-scale detoxification of groundwater containing 1,2-dichloro-
ethane. Appl. Microbiol. Biotechnol. 63:609–612.
8. De Wildeman, S., and W. Verstraete. 2003. The quest for microbial reductive
dechlorination of C(2) to C(4) chloroalkanes is warranted. Appl. Microbiol.
Biotechnol. 61:94–102.
2998 MARZORATI ET AL. APPL. ENVIRON. MICROBIOL.
 o
n
 N
ovem
ber 11, 2015 by University of Queensland Library
http://aem
.asm
.org/
D
ow
nloaded from
 
9. Domazet-Loso, T., and D. Tautz. 2003. An evolutionary analysis of orphan
genes in Drosophila. Genome Res. 13:2213–2219.
10. Futagami, T., Y. Tsuboi, A. Suyama, M. Goto, and K. Furukawa. 2006.
Emergence of two types of nondechlorinating variants in the tetrachlo-
roethene-halorespiring Desulfitobacterium sp. strain Y51. Appl. Microbiol.
Biotechnol. 70:720–728.
11. Holliger, C., G. Wohlfarth, and G. Diekert. 1999. Reductive dechlorination
in the energy metabolism of anaerobic bacteria. FEMS Microbiol. Rev.
22:383–398.
12. Holliger, C., C. Regeard, and G. Diekert. 2003. Dehalogenation by anaerobic
bacteria, p. 115–157. In M. M. Ha¨ggblom and I. B. Bossert (ed.), Dehalo-
genation: microbial processes and environmental applications. Kluwer Aca-
demic Publishers, Boston, MA.
13. Ho¨lscher, T., R. Krajmalnik-Brown, K. M. Ritalahti, F. Von Witzingerode,
H. Go¨risch, F. E. Lo¨ffler, and L. Adrian. 2004. Multiple nonidentical reduc-
tive-dehalogenase-homologous genes are common in Dehalococcoides. Appl.
Environ. Microbiol. 70:5290–5297.
14. Hughes, K., M. E. Meek, and I. Caldwell. 1994. 1,2-Dichloroethane: evalu-
ation of risks and health from environmental exposure in Canada. J. Environ.
Sci. Health Part C Environ. Carcinog. Rev. 12:293–303.
15. Iwamoto, T., K. Tani, K. Nakamura, Y. Suzuki, M. Kitagawa, M. Eguchi,
and M. Nasu. 2000. Monitoring impact of in situ biostimulation treatment on
groundwater bacterial community by DGGE. FEMS Microbiol. Ecol. 32:
129–141.
16. Kassenga, G., J. H. Pardue, W. M. Moe, and K. S. Bowman. 2004. Hydrogen
thresholds as indicators of dehalorespiration in constructed treatment wet-
lands. Environ. Sci. Technol. 38:1024–1030.
17. Klecka, G. M., C. L. Carpenter, and S. J. Gonsior. 1998. Biological trans-
formation of 1,2-dichloroethane in subsurface soils and groundwater. J.
Contam. Hydro. 34:139–154.
18. Kube, M., A. Beck, S. H. Zinder, H. Kuhl, R. Reinhardt, and L. Adrian. 2005.
Genome sequence of the chlorinated compound-respiring bacterium Deha-
lococcoides species strain CBDB1. Nat. Biotechnol. 23:1269–1273.
19. Kumar, S., K. Tamura, and M. Nei. 2004. MEGA3: integrated software for
molecular evolutionary genetics analysis and sequence alignment. Brief.
Bioinform. 5:150–163.
20. Lendvay, J. M., F. E. Lo¨ffler, M. Dollhopf, M. R. Aiello, G. Daniels, B. Z.
Fathepure, M. Gebhard, R. Heine, R. Helton, J. Shi, R. Krajmalnik-Brown,
C. L. Major, Jr., M. J. Barcelona, E. Petrovskis, J. M. Tiedje, and P.
Adriaens. 2003. Bioreactive barriers: bioaugmentation and biostimulation
for chlorinated solvent remediation. Environ. Sci. Technol. 37:1422–1431.
21. Lu, G., and E. N. Moriyama. 2004. Vector NTI, a balanced all-in-one se-
quence analysis suite. Brief. Bioinform. 5:378–388.
22. Maillard, J., C. Regeard, and C. Holliger. 2005. Isolation and characteriza-
tion of Tn-Dha1, a transposon containing the tetrachloroethene reductive
dehalogenase of Desulfitobacterium hafniense strain TCE1. Environ. Micro-
biol. 7:107–117.
23. Maillard, J., W. Schumacher, F. Vazquez, C. Regeard, W. R. Hagen, and C.
Holliger. 2003. Characterization of the corrinoid iron-sulfur protein tetra-
chloroethene reductive dehalogenase of Dehalobacter restrictus. Appl. Envi-
ron. Microbiol. 69:4628–4638.
24. Major, D. W., M. L. McMaster, E. E. Cox, E. A. Edwards, S. M. Dworatzek,
E. R. Hendrickson, M. G. Starr, J. A. Payne, and L. W. Buonamici. 2002.
Field demonstration of successful bioaugmentation to achieve dechlorina-
tion of tetrachloroethene to ethene. Environ. Sci. Technol. 36:5106–5116.
25. Marzorati, M., S. Borin, L. Brusetti, D. Daffonchio, C. Marsilli, G. Carpani,
and F. de Ferra. 2005. Response of 1,2-dichloroethane-adapted microbial
communities to ex-situ biostimulation of polluted groundwater. Biodegrada-
tion 17:41–56.
26. Maymo´-Gatell, X., T. Anguish, and S. H. Zinder. 1999. Reductive dechlori-
nation of chlorinated ethenes and 1, 2-dichloroethane by “Dehalococcoides
ethenogenes” 195. Appl. Environ. Microbiol. 65:3108–3113.
27. Muyzer, G., E. C. de Waal, and A. G. Uitterlinden. 1993. Profiling of complex
microbial populations by denaturing gradient gel electrophoresis analysis of
polymerase chain reaction-amplified genes coding for 16S rRNA. Appl.
Environ. Microbiol. 59:695–700.
28. Nei, M., and T. Gojobori. 1986. Simple methods for estimating the numbers
of synonymous and nonsynonymous nucleotide substitutions. Mol. Biol.
Evol. 3:418–426.
29. Neumann, A., G. Wohlfarth, and G. Diekert. 1996. Purification and charac-
terization of tetrachloroethene reductive dehalogenase of Dehalospirillum
multivorans. J. Biol. Chem. 271:16515–16519.
30. Nobre, R. C. M., and M. M. M. Nobre. 2004. Natural attenuation of chlori-
nated organics in a shallow sand aquifer. J. Hazard. Mater. 110:129–137.
31. Okeke, B. C., Y. C. Chang, M. Hatsu, T. Suzuki, and T. Takamizawa. 2001.
Purification, cloning and sequencing of an enzyme mediating the reductive
dechlorination of tetra chloroethylene (PCE) from Clostridium bifermentans
DPH-1. Can. J. Microbiol. 47:448–456.
32. Perelle, S., P. Fach, F. Dilasser, and J. Grout. 2002. A PCR test for detecting
E. coli O157:H7 based on the identification of the small inserted locus
(SILO157). J. Appl. Microbiol. 93:250–260.
33. Regeard, C., J. Maillard, and C. Holliger. 2004. Development of degenerate
and specific PCR primers for the detection and isolation of known and
putative chloroethene reductive dehalogenase genes. J. Microbiol. Methods
56:107–118.
34. Regeard, C., J. Maillard, C. Dufraigne, P. Deschavanne, and C. Holliger.
2005. Indications for acquisition of reductive dehalogenase genes through
horizontal gene transfer by Dehalococcoides ethenogenes strain 195. Appl.
Environ. Microbiol. 71:2955–2961.
35. Sanford, R. A., J. R. Cole, F. E. Lo¨ffler, and J. M. Tiedje. 1996. Character-
ization of Desulfitobacterium chlororespirans sp. nov., which grows by cou-
pling the oxidation of lactate to the reductive dechlorination of 3-chloro-4-
hydroxybenzoate. Appl. Environ. Microbiol. 62:3800–3808.
36. Sass, A. M., H. Sass, M. J. Coolen, H. Cypionka, and J. Overmann. 2001.
Microbial communities in the chemocline of a hypersaline deep-sea basin
(Urania basin, Mediterranean Sea). Appl. Environ. Microbiol. 67:5392–5402.
37. Seshadri, R., L. Adrian, D. E. Fouts, J. A. Eisen, A. M. Phillippy, B. A.
Methe, N. L. Ward, W. C. Nelson, R. J. Deboy, S. C. Daugherty, L. M.
Brinkac, S. A. Sullivan, R. Madupu, K. E. Nelson, K. H. Kang, M. Impraim,
K. Tran, J. M. Robinson, H. A. Forberger, C. M. Fraser, S. H. Zinder, and
J. F. Heidelberg. 2005. Genome sequence of the PCE-dechlorinating bacte-
rium Dehalococcoides ethenogenes. Science 307:105–108.
38. Seshadri, R., and J. Heidelberg. 2005. Bacteria to the rescue. Nat. Biotech-
nol. 23:1236–1237.
39. Smidt, H., A. D. Akkermans, J. van der Oost, and W. M. de Vos. 2000.
Halorespiring bacteria-molecular characterization and detection. Enzyme
Microb. Technol. 27:812–820.
40. Smidt, H., and W. M. de Vos. 2004. Anaerobic microbial dehalogenation.
Annu. Rev. Microbiol. 58:43–73.
41. Suyama, A., M. Yamashita, S. Yoshino, and K. Furukawa. 2002. Molecular
characterization of the PceA reductive dehalogenase of Desulfitobacterium
sp. strain Y51. J. Bacteriol. 184:3419–3425.
42. Top, E., and D. Springael. 2003. The role of mobile genetic elements in
bacterial adaptation to xenobiotic organic compounds. Curr. Opin. Biotech-
nol. 14:262–269.
43. Triglia, T., M. G. Peterson, and D. J. Kemp. 1988. A procedure for in vitro
amplification of DNA segments that lie outside the boundaries of known
sequences. Nucleic Acids Res. 16:8186.
44. van de Pas, B. A., H. Smidt, W. R. Hagen, J. van der Oost, G. Schraa, A. J. M.
Stams, and W. M. de Vos. 1999. Purification and molecular characterization
of ortho-chlorophenol reductive dehalogenase, a key enzyme of halorespira-
tion in Desulfitobacterium dehalogenans. J. Biol. Chem. 274:20287–20292.
45. Waller, A. S., R. Krajmalnik-Brown, F. E. Lo¨ffler, and E. A. Edwards. 2005.
Multiple reductive-dehalogenase-homologous genes are simultaneously
transcribed during dechlorination by Dehalococcoides-containing cultures.
Appl. Environ. Microbiol. 71:8257–8264.
VOL. 73, 2007 REDUCTIVE DEHALOGENASE FOR 1,2-DCA 2999
 o
n
 N
ovem
ber 11, 2015 by University of Queensland Library
http://aem
.asm
.org/
D
ow
nloaded from
 
